Confined poultry production, which is expected to double by 2050, produces a lot of litter. For successful and sustainable poultry production, litter management is prompted and should be prioritized. Poultry litter can serve as an energy feedstock for space heating and electricity generation. Currently, heating systems in use depend on electricity, charcoal or diesel which are very expensive leading to high energy costs in poultry production. The purpose of this study was therefore to investigate the potential of combustion of poultry litter for space heating in poultry production. A brazier with 32 holes, of a diameter of 1cm, on its sides comprising of dimensions; Diameter=8 cm and Height=65 cm was used to burn 1kg of Poultry Litter Briquettes. The briquettes were made with a mincer which had a nozzle of dimensions, Length=11 cm and Diameter= 25 mm producing briquettes of a diameter of 25 mm and a length of 10 cm. The briquettes were made from poultry litter of chickens at the ages of 4, 5 and 6 weeks, and were either sun or solar dried. They were then directly combusted in the brazier and heat distribution was measured at distances of 30 cm, 60 cm and 90 cm from the brazier. Charcoal was used as a control. 
Introduction
Due to the limited availability and the carbon dioxide emissions of fossil fuels which cause global warming, heat and power generation through the combustion of biomass has become an issue of importance (Bogush et al., 2018) . Direct combustion (DC) is mostly used in developing countries which according to Demirbas, (2004) is an ancient method of utilizing biomass, operational in over 97% of the world's bio-energy production. It involves the burning of a material in the presence of oxygen to produce thermal energy (Weidemann et al., 2015) . Bird excreta combined with bedding material is defined as poultry litter (Butcher and Miles, 2015) . Poultry litter (PL) comprises mainly the bedding material, feathers, manure and the spilt feed (Bolan et al., 2017) . More than 93% of the population in rural areas of Zambia own indigenous Zambian chickens (Andrew, 2011) . Samboko et al., (2016) reported annual estimations of layer and broiler production in 2014 to be 1, 005,910,434 tons and 372,285,812 .16 tons respectively. Poultry production results in hatchery wastes, manure, litter, and on-farm mortalities. The litter produced is normally used as an organic fertilizer but mismanagement of this practice can bring the risk of surface and groundwater contamination when it is over applied to soil (Kelleher et al., 2002) since Zambia has a high water table. Ammonia emissions disturb air quality and this is classified as the major pollutant to the environment in poultry production (Williams, 2008) . When using litter as fuel rather than as fertilizer, environmental pollution can be reduced (Dalólio et al., 2017) . Technologies have risen aimed towards safe disposal of poultry litter. Inclusive are technologies highlighted by Musa et al., (2012) , like converting broiler and turkey litters into bio oils and generating a gas to operate a pyrolysis unit. Additionally, poultry litter is used for electric generation in a number of plants in the US and in the UK.
Space heating of poultry houses can be carried out through direct combustion of PL. However, increment in moisture content of the litter causes a decrease in its calorific value. Thyagarajan et al., (2013) reported that air dried samples have typical values of 13.5 GJ/ton as their calorific value being about half that of coal. Temperature is one of the most significant environmental factors determining performance in poultry birds. Any deviation from the tolerated temperature range will trigger their thermoregulatory mechanisms for survival leading to negative consequences on their performance (Jini et al., 2015) . The required temperature of any broiler house ranges from 22°C to 32°C depending on the birds' age (Zanaty, 2015) . Provision of adequate heat is essential during brooding since chicks cannot survive without it (Nabangi, 2015) . Currently, the heating systems in use depend on either electricity, charcoal or diesel which are very expensive. Using charcoal contributes to the high deforestation rate which stands at 250 000-300 000 hectares annually, placing Zambia among the top 10 countries with high deforestation rates worldwide (Matakala et al., 2015) . Similarly, Tembo et al., (2015) highlighted that Zambia's forest covers approximately 49 468 000 hectares of the land but it is still among top 10 greenhouse gas emitting countries due to deforestation.
Method
This study was conducted at the University of Zambia; Latitude 15.3°S; Longitude 28.3°E. The University's Department of Agricultural Engineering workshop was used to run the experiments. Experiments were conducted in June and July (winter) for DC comparisons of Poultry Litter Briquettes (PLB) dried in a solar tunnel dryer (STD) and open sun drying (OSD) to those of a control experiment using charcoal. Sampling of poultry litter was from the university's poultry house at week 4, 5 and 6. The litter, which had a bedding of wood shavings, was collected from the broiler house which accommodated 3000 chickens. The collected litter was fresh and not subjected to any treatment. Charcoal was bought from the City Market. The first experimental procedure was that of making PLB preceding that of determination of initial moisture content of PLB. The calorific value of the briquettes was lastly determined from Zambia Bureau of Standards (ZABS).
Making Briquettes
After sampling, the collected poultry litter was hand crushed so that it could blend easily when mixed with the binder (cassava flour) and water. Cassava provides strength and combination efficiency to briquettes (Teixeira et al., 2010) . The PL paste was prepared by adding cassava flour and water to PL in a bucket and mixed by hands until a homogenous mixture was formed. For PL sample at week 4, 800g of cassava flour was added to 1800g of poultry litter and mixed with 2400ml of water. The feed-flour ratio was 44.44%. 1800g of PL at week 5 was mixed with 300g of cassava flour and 1600ml of water. The feed-flour ratio at this age was 16.67%. At week 6, 250g of cassava flour was mixed with 1800g of PL and 1600ml of water and yielded a feed-flour ratio of 13.89%. A research by Altun et al.,(2004) reported a ratio of 10%, by weight of biomass, for both water and flour to be used. The same ratio was used in this research but resulted in a less coherent paste. Therefore, flour and water were added until a homogenous paste which could easily be molded was formed. Cassava is categorized as an organic binder. Organic binders have good bonding performance, high crush strength and drop test strength and decompose easily at high temperatures (Zhang et al., 2018) .
Densification of PL
Before briquettes were made, the paste was allowed to settle for 15 minutes so that a uniformly compacted product could be produced. A stainless-steel hand mincer, primarily intended for sausage making, was used to make PL briquettes. A fabricated nozzle which was made of galvanized iron sheet was fitted in the mincer to serve as a die where PL briquettes were pressed through. The nozzle had a length of 11cm and a diameter of 25mm. Since the paste was highly viscous, it was pressed into the feeding hopper by hand so that it could be pushed by the rotating worm through the die thus forming briquettes. The worm rotates as the handle is being rotated. Continual rotation of the worm acts as a pump causing compression at the far end of the barrel which consequently forces the paste through the die. A continuous briquette was formed which was measured to 10cm by a ruler and cut using a knife. Hence briquettes formed had a length of 10cm and a diameter of 25mm. The briquettes were then dried with the prior said methods. Figure 1 shows how PL briquettes were made. Figure 1 , poultry litter was mixed with the binder and water to make a paste which was moulded to briquettes and dried for combustion experiments.
Determination of Moisture Content
The initial moisture content of PLB was determined by oven drying (Jeio Tech, Model ON-02G, accuracy ±0.5 %) at 70 o C. The samples were weighed at intervals of 30 minutes until there was no significant difference between successive weights. After determining the initial moisture content, the briquettes were either solar tunnel dried or open sun dried from an average moisture content of 61% (wb) to a final moisture content in a range of 0.2 -11.2% (wb), (Molefe and Simate, 2019 ) and compared under DC as shown in Figure 2 .
Direct Combustion of Poultry Litter
The dried samples from the solar dryer and open sun drying were directly combusted in the brazier which was first taken outside so that the smoke from the startup of burning could be released. It was left for a period of 30 minutes before each experiment was started. The initial temperature of the surface of the brazier was recorded. During direct combustion experiments, temperature measurements were taken at various positions from the brazier as shown in Figure 2 . Thermocouple (1), (2) and (3) were placed at distances 30cm, 60cm and 90cm from the brazier respectively. (4) a brazier with a lid, photo (5) a digital multimeter, (6) a high temperature probe tied on the surface of the brazier, (7) laptop connected to a data logger (8) and a humidity probe (9) which was used to measure ambient temperature.
One kg of PLB, weighed with a digital balance, from different weeks were each combusted in the brazier which had an average of 32 holes on its sides to allow for oxygen entrance during burning. It comprised of dimensions;
eer.ccsenet.org Energy and Environment Research Vol. 9, No. 1; Diameter=8 cm and Height=65 cm. Two space-heating braziers of the same dimensions and made of the same material (mild steel) were bought from the City Market and were adopted for the application of the methodology of this study. They were used interchangeably to allow for cooling off for the next experimental step. For each experimental run, the brazier was covered with a lid so that the heat produced could not escape through the mouth. Heat distribution was measured at distances of 30 cm, 60 cm and 90 cm from the brazier. A high temperature digital multimeter (Dynatek 9030a) coupled with a temperature probe, (ANSI Code: Type K, accuracy ± 1.1°C or ± 0.4%) with the capability of recording temperatures from -270 o C to 1300 o C, was used to record the brazier surface temperature as time lapsed at an interval of 10 minutes. A data logger, connected to a computer, was used to record the ambient temperature and air temperatures from the thermocouples as a result of the combustion of PLB. The experiments took place at different times of the day. Charcoal was combusted and used as a control. After DC, the ash from all the ages was weighed on a digital balance to determine the ash content of PLB according to weeks as well as that of charcoal. The following equation was used;
Where; M ash is the weight of the ash, M briquette is the weight of the dried PLB.
Calorific Value (CV) Determination
All fuels have a physical property termed CV defined as the amount of heat released during a combustion process which is regularly expressed in kilocalories or kilojoules of one kg or liter of fuel (Bouabid et al., 2015) . The PLB samples were taken to ZABS for CV determination. An IKA C5003 calorimeter system was used for this experiment. The CV of PLB, was determined by the bomb calorimetric method according to standard test method for gross calorific value of coal and coke (D 5865-03) . From the dried PLB, few samples were taken for CV experimentation. The dried sample was ground to powder where about 1 gram of it was weighed on an electronic balance and pelleted then placed in a crucible. A crucible with a pellet containing about 1 gram of PLB was inserted into the bomb. After closing the bomb, it was filled with oxygen (purity 99.99%), (Acar and Ayanoglu, 2012) , under a pressure of 3 bars. The bomb was placed in the calorimetric equipment filled with water and the sample was ignited electrically. The resulting increase of the water temperature allows the calculation of CV of the sample to be done. The heat capacity of the calorimeter was determined using benzoic acid pallets as a standardizing material. The CV of the sample was then calculated by multiplying the temperature rise in the calorimeter (water jacket) by the heat capacity of the calorimeter determined from benzoic acid.
Results and Discussions

Moisture Content
The moisture contents of PL used in Direct Combustion as obtained from solar tunnel drying and open sun drying are indicated in Table 1 below. The initial and final moisture contents obtained from open sun drying and solar tunnel drying from all week ages are presented in Table 1 . From the table, it can be observed that as the weeks progress the moisture content increases. This may have been due to less composition of chicken manure in earlier weeks, disabling PLB at this age to hold less water, compared to more composition of chicken manure in the latter week enabling PLB at this age to hold more water. Manure tends to stick thus this gives the litter the ability of holding more moisture. Some of the reasons outlined by (Loch et al., 2011) are that moisture content in poultry litter may be due to the type of diet, water intake, environmental temperature, ventilation and, mainly, the type of drinker used. final moisture content of 8.1% (wb) compared to 4% (wb) from the solar tunnel dryer. This suggests that PLB samples in the solar tunnel dryer had a higher drying rate than those of open-sun drying due to the higher drying air temperature in the solar tunnel dryer as compared to ambient air temperature. According to Dávalos et al., (2002) complete combustion cannot be accomplished with litter of more than 9% but is only feasible with litter of less than 9% denoting that more moisture content reduces the combustibility of a fuel as also reported by Thyagarajan et al., (2013) . Dalólio et al., (2017) also affirmed that moisture content is the main obstacle during the direct combustion of poultry litter. It was further stated that an evaluation of the direct combustion of poultry litter of an initial moisture content of 70.4% (wb) and final moisture content of less than 10% (wb) was carried out. Findings were that the litter with 9% moisture burnt directly while the wet samples experienced incomplete combustion causing a formation of carbon monoxide and higher pollutant emissions. As seen from Table 1 , the final moisture contents compared well with the mentioned studies. The average initial moisture content (61%) in this study also falls in the range of 80-20% (Baldin et al., 2012) and also close to that of 70.4% by (Dávalos et al., 2002) .
Direct Combustion (DC) and Heat Distribution (HD) of PLB
Poultry litter briquettes across all week ages were directly combusted and the heat distribution was measured as shown in Figure 2 . Figure 2 . Heat distribution during DC of PLB at week 4, 5 and 6 from OSD and STD at different lengths As observed from Figure 2 , the brazier surface temperature (B ST ) was rapidly falling but the temperature drop at different lengths was not as rapid because the surrounding air was still warm. Despite the different times of commencement of the experiments, the temperature difference at different lengths in relation to the ambient were more or less the same across all weeks. From week 4 during the combustion of PLB from OSD which started at 0933hrs and ended at 1233hrs, the highest temperature of 40. 
H D of DC of Charcoal
The heat distribution of the direct combustion of charcoal is shown is Figure 3 . dropping. A length of 90cm had peak temperature readings of 20.9 o C which also remained constant for 40 minutes. A length of 30cm did not maintain its peak temperatures for long because it was closer to the brazier thus it was sensitive to any temperature change. The DC of charcoal started from 1800hrs to 2130hrs. Charcoal had the highest temperatures during DC as compared to temperatures recorded from DC of PLB across all weeks.
Comparison of B ST of DC of PLB from OSD and STD to Charcoal
The plot of the temperature of the brazier surface measured from the combustion of PLB from all weeks for OSD and STD and Charcoal is shown in Figure 4 . Charcoal is a carbonized material with significant amounts of fixed carbon thus making it burn longer than PLB. The remnant carbon in the material after volatile materials are driven off is known as fixed carbon, of which belonging to charcoal ranges from 50% to 95% (Raju et al., 2014) . According to Falemara et al., (2018) , a low ash content images a high CV indicating that a material does not contain non-combustible matters. It was further reported that the combustion remnant is increased by ash content thus causing a decrease in the heating effect. As seen from Figure 5 charcoal had the lowest ash content of 8.4% which may have been one other reason why it produced more heat than PLB and for a longer period of time. Charcoal stood the test of time because even after the burn out of PLB at about 130 minutes, higher temperatures of 350 o C were still being recorded. On average, PLB was able to produce suitable temperatures at lengths of 30cm and 60cm for 90-100 minutes while charcoal had the longest suitable heat distribution of 140-180 minutes.
Statistical Analysis BST of Charcoal and PLB
Statistical Package for Social Sciences (SPSS) was used to determine the difference between the produced heat from Charcoal and PLB. LSD under multiple comparisons was used to carry out this test at the significance level of 0.05. The results are presented in Table 2. eer.ccsenet.org Energy and Environment Research Vol. 9, No. 1; Table 2 . These values are all greater than the significance level of 0.05 meaning that there is no significant difference between the temperatures produced by PLB at week 4 OSD and other PLB from the remaining weeks from either method of drying, thus the produced temperatures were the same. Correspondingly, PLB from all the remaining weeks were compared amongst each other and gave the lowest P-value of 0.57859 and the highest of 0.98912 giving a revelation that there is a 58% -99% chance that the heat acquired from PLB at any age and drying method can be the same. Therefore, there is no significant difference between PLB B ST at any age and drying method at a significance level of 0.05%. This is true because heat produced from PLB ranged from 461 o C to 493 o C which are not that far apart.
Ash Content
Important information regarding PL quality is provided by the ash content since it measures the mineral content of the litter. Ash content comparisons of charcoal and PLB at different ages of weeks is shown in Figure 5 . It is apparent that as PL ages according to weeks, the ash content increases. PLB at week 4 as seen in Figure 5 had the lowest ash content of 9.1% followed by week 5 with 12.1% and week 6 being the highest with ash content of 13.5%. Babatope et al., (2012) obtained results which showed that broiler litter pellets contained more ash than layer litter. Broiler litter had an ash content ranging from 13.27 to 14.17% while layers had a range of 12.65 to 13.60%. Acharya et al., (2014) also acquired results which yielded the ash content of 11.5% for broilers. The broiler litter obtained in the current study had the ash content within this range. The quantity of manure in the litter increases with the growth of chickens and when the litter is combusted more ashes will be produced since there will be more organic matter to burn and less of the wood shavings. In line with this, Rico-contreras et al., (2017) reported that the ash content in poultry litter depends on the organic matter available for combustion. Also, Babatope et al., (2012) pinpointed that poultry litter normally has high ash content because of the amount of dirt contamination which has occurred in the litter. Charcoal was used as a control and it had a low ash content of 8.4% which was almost similar to that obtained at week 4. The ash content of charcoal was around the value found by Koyuncu and Pinar, (2007) which was 5.86%.
Calorific Value (CV) Determination of PLB
The Calorific Values of PLB and Charcoal are shown in Table 3 below. Two samples of PLB at week 4 OSD and week 6 STD were used to represent all other PLB for CV experiments since they were a week apart. Table 2 shows that there is more or less of a similarity between CV from week 4 and week 6. Week 4 had a gross CV of 15.65MJ/kg while at week 6 the CV was 14.57MJ/kg. The slight drop of CV at week 6 STD may have been due to the decomposition of essential elements needed to enhance combustion. Also, since the ash content was increasing with number of weeks, this might have led to a minor diminish in the CV obtained at week 6 since more ash reduces the heating value of a material. The CV of PLB obtained from this study is not very different from the one acquired by Abelha et al., (2003) of 13.5MJ/kg under a research on combustion of poultry litter in a fluidized bed combustor. A CV of 30.8 MJ/kg was obtained from Sánchez et al., (2014) which was chosen to represent charcoal CV in this study. Both CV of PLB of the samples tested were lower than that of charcoal. They were about half of charcoal CV. Charcoal has high carbon and hydrogen content compared to PLB since it has been thermally treated by pyrolysis. According to Raju et al., (2014) , an increase in carbon and hydrogen content results in an increase in CV. Also, the fixed carbon of charcoal was reported to range from 50% to 90%. Hence charcoal produces more heat than PLB as seen from the CV.
Conclusion
Space heating of poultry houses can be carried out through the direct combustion of poultry litter. However, increments in the moisture content of the litter causes a decrease in the heat produced. In this study it was found out that PLB with a moisture content less than 12% could burn completely making these samples suitable for their use as fuel for heat generation through direct combustion.
PLB has lower volatiles, fixed carbon, higher nitrogen and ash content than charcoal thus less heat was produced from PLB as compared to charcoal. PLB generally produced sufficient heat for a maximum of 100 minutes whereas charcoal was able to burn for a maximum of 180 minutes.
A distance of 30cm from the brazier showed a positive response on heat distribution since temperatures were sustained in the range of 22 o C to 32 o C (suitable for chicks), thus it can be an effective distance to provide comfort to chicks during cold temperatures. The distance of 60 cm was as well effective unlike that of 90cm which gave low air temperatures.
Generally, as seen from the CV obtained and heat produced from PLB, the age of PL does not affect the CV or heat produced by the PLB, thus PL at any age can be used for making briquettes. But using PL at an early age (week 4) will require more binder which will be costlier as compared to the binder requirement at week 6.
The ash content of PLB increased as weeks lapsed and this causes concern of the disposal of the ash as well as affecting the CV of the briquettes by reducing it. In spite of this, acquiring PL at week 4 contributes to costs incurred since the bedding will have to be replaced, hence it is better to get the final product which is regarded to as a waste.
The results obtained from PLB dried from STD and OSD showed no significant difference in terms of CV, heat distribution and the B ST since they were all dried to the same final mass.
The utilization of these briquettes can help to mitigate concerns over; deforestation and its outcomes, agricultural and wood wastes management issues as well as contamination problems. Enhancements on job opportunities, market diversification and rural economic empowerment can also be accomplished.
Since the ash acquired from this study was not used to any extent, fertilizer requirements which are crop specific can be determined in-order to have full understanding of how much ash is needed to be applied to the receiving crop to minimize nutrient leaching. Studies have been carried out which states the composition of the litter ash and that it can be used as a fertilizer. Also, as a mitigation measure aimed towards the observed smoke, a study on different binder ratios and an equipment which can induce more compression force can be experimented on.
